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Abstract  

An investigation was conducted to examine the microstructure and mechanical properties 

of an Al-5483 aluminium alloy subjected to a hybrid severe plastic deformation (SPD) 

process consisting of hydrostatic extrusion (HE) followed by high-pressure torsion (HPT) for 

up to 10 revolutions. The results are compared with those for samples processed separately by 

HE or by HPT. Microhardness measurements were taken on cross-sectional planes of the HE 

billets and on the HPT disks and in addition the microstructures were examined using 

transmission electron microscopy. The results demonstrate that the hybrid process of 

HE+HPT induces additional grain refinement when compared with HPT with average grain 

sizes of ~60 and 90 nm, respectively. Also, a significantly higher fraction of high-angle grain 

boundaries (HAGBs) was present after HE+HPT and the beneficial role of HE pre-processing 

was also apparent in the microhardness measurements. After the hybrid process, the 

microhardness saturated at Hv ≈ 255 which is higher than after either HPT (Hv ≈ 235) or HE 

(Hv ≈ 160). A linear Hall-Petch relationship was maintained for coarse-grained and SPD-

processed samples with high fractions of HAGBs (above 70%) while samples with higher 

fractions of low-angle grain boundaries showed a significant deviation from linearity. 

Keywords: Combinations of SPD, Grain boundary misorientation angles, High-pressure 

torsion, Hydrostatic extrusion, Microhardness, Ultrafine grains.  
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1. Introduction 

The processing of metallic materials by severe plastic deformation (SPD) has attracted 

special interest since it offers an opportunity for the fabrication of ultrafine-grained (UFG) 

and nanocrystalline (NC) metals and alloys with superior mechanical properties [1,2]. A 

number of SPD methods were developed, such as high-pressure torsion (HPT) [3], equal-

channel angular pressing (ECAP) [4], accumulative roll bonding (ARB) [5] and hydrostatic 

extrusion (HE) [6]. Among these methods, HPT is regarded as the most promising in terms of 

producing structures with the smallest grain sizes in various metallic materials [7-12] and the 

highest fraction of grain boundaries (GB) having high angles of misorientation [13]. In 

practice, HPT is ideal for achieving UFG and NC structures because of its ability to generate 

extremely high strains.  

However, a true NC structure is difficult to achieve in some metallic materials when 

processing via a single SPD method even when extremely high strains, as in HPT, are applied 

to the samples [14]. Published data show that most metallic materials processed by SPD 

techniques exhibit a similar limitation in which a minimum grain size is achieved in the so-

called saturation effect [15]. The concept of saturation is described as a certain level of 

applied strain above which it is no longer possible to achieve any further grain fragmentation 

and strengthening. Limitations in the grain refinement have attracted much attention recently 

but the physical process underlying this phenomenon is not yet understood. In some research 

the saturation condition is described as a state in which the density of the generated 

dislocations is so high that their movement is blocked on all available slip systems [16,17]. At 

this point, from a thermo-mechanical point of view, dislocation annihilation and recovery 

processes start to play a crucial role and an equilibrium is reached between work hardening 

and recovery processes. Some published data show that further enhancements of strength may 

be obtained by changing the deformation route [13,16-26]. Nevertheless, the concept of 

combining different SPD methods in a hybrid technique is relatively new and only partially 

explored. Some data suggest that this phenomenon is associated with a change in the 

deformation system, for example by initiating dislocation movement on new slip systems in 

accordance to the changes in the stress-strain conditions, thereby producing a further grain 

size reduction [17]. The use of hybrid SPD techniques was proven to be very beneficial using 

low strain SPD techniques [27]. However, since it is known that the high strain procedure of 

HPT processing is the most effective technique for obtaining true NC structures in Al-Mg 

alloys [28-31], it remains unclear whether this minimum grain size may be affected by any 

preliminary processing that is conducted prior to HPT. 
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The concept of combining HPT processing with other SPD techniques was undertaken in 

only in a small number of reports focusing mainly on the use of ECAP prior to HPT [13,16-

18,20]. However, even among these results there are some contradictions regarding the 

beneficial influence of using hybrid processing. For example, the use of ECAP and HPT on a 

large group of metallic samples, including pure titanium [20], nickel [22], copper [17], Cu 

0.1Zr [13] and an Al-7075 alloy [18,25,26], was shown to introduce additional grain 

refinement and an increase of strength in these materials. By contrast, in experiments on pure 

niobium [16] the use of a hybrid technique gave no significant change in the microstructure 

and mechanical properties when comparing with samples processed only by HPT [32]. The 

results from this latter study suggest, therefore, that the saturation level is an inherent feature 

of each material and accordingly that it cannot be changed through any manipulations of the 

stress-strain state.  

Based on this apparent dichotomy, the present research was initiated to examine the nature 

of the saturation phenomenon in an aluminium 5483 alloy. Previous studies showed that this 

material exhibits a potential for achieving saturation conditions when processing only by HPT 

[30]. Accordingly, the objective of this research was to determine whether it is possible to 

produce samples with even smaller grain sizes, and thus to improve the mechanical properties 

of the alloy, by using a new type of hybrid SPD processing in which HE is followed by HPT. 

Specifically, the aim of this work was to provide an understanding of microstructural 

evolution when the deformation mode is changed and to further examine the impact of this 

evolution on the mechanical properties.  

2. Experimental material and procedures 

The material investigated in this study was a commercial aluminium 5483 alloy 

containing, in wt. %, 5% Mg and 1% Mn and supplied in the form of rods with a diameter of 

50 mm and lengths of ~1000 mm. A two-step hybrid processing procedure was undertaken. 

The first step was HE with a diameter reduction to 10 mm. The equivalent strain in HE is 

given by the equation (1): 

ε = 2�� ���

���     (1) 

where d¢ is the initial diameter of the rod and d¢¢ is the exit diameter. The equivalent strain 

after the HE process was at a level of ~3.2. The extruded rods were cut perpendicular to their 

longitudinal axes to provide a series of disks with diameters of 10 mm and thicknesses of ~0.8 

mm. These disks were processed at room temperature using quasi-constrained HPT [33] with 
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a constant pressure of 6.0 GPa and a rotation speed of 1 rpm. Disks were torsionally strained 

through total numbers of revolutions, N, of 1/4, 1/2, 1, 3, 5, 7 and 10. The equivalent von 

Mises strain, εeq, achieved in HPT is given by the relationship [34] 

 !"# = $%&'
(√*   (2) 

where N is the number of turns, r is the radial distance measured from the disk centre and h is 

the thickness (or height) of the sample. It follows from eq. (2) that the strain varies across the 

disk and reaches zero at the disk centre where r = 0 and this suggests that the microstructure, 

as well as the microhardness distributions, will be extremely inhomogeneous across the disks. 

All samples were polished with abrasive paper and then microhardness measurements 

were taken on polished surfaces using an FM-300 microhardness tester. These measurements 

were taken under a load of 100 g with a dwell time of 10 s. The values of the Vickers 

microhardness, Hv, were recorded for each disk along a selected diameter with a separation 

between points of 0.3 mm. 

Microstructural characterizations were performed for all samples. These observations were 

conducted using transmission electron microscopy (TEM) with a JEOL 1200 operating at an 

accelerating voltage of 120 kV. The microstructure in the HE-processed sample was 

examined in two orthogonal planes corresponding to the cross-sectional and longitudinal 

sections to the extrusion direction. The structure in samples after HE+HPT processing was 

studied in the disk plane at the centre and edge areas. In order to study the evolution of the 

microstructure resulting from the changes in the deformation mode, thin lamellae for TEM 

studies were cut from the sample processed with a quarter of one revolution in the region near 

the centre of the disk. These samples were prepared using a focussed ion beam (FIB) 

technique with a Hitachi NB5000 microscope following the procedure described in detail in 

an earlier report [35]. All microstructures were evaluated quantitatively using a computer-

aided image analyzer. The grain sizes were described in terms of the equivalent grain 

diameter, deq, defined as the diameter of a circle with a surface area equal to the surface area 

of the grain.  

The GB misorientations were determined from the disk planes using Kikuchi diffraction 

patterns obtained for adjacent grains with convergent beam electron diffraction (CBED) in a 

high resolution scanning transmission electron microscope (STEM). Diffraction images were 

taken from neighbouring grains with an Hitachi HD 2700 microscope and then processed 

using a KILIN program to calculate the crystallographic orientations of individual grains and 

the misorientations across the GBs. The data are presented in the form of the average GB 
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misorientation angle (E(θ)) and the fraction of high-angle grain boundaries (HAGBs), where 

the HAGBs are defined as boundaries having misorientations of more than 15°. 

Finally, the results obtained from this study were compared with data obtained on the 

same material processed only by HPT and reported earlier [30].  

3. Experimental results 

3.1. Microstructure characteristics after HE and HE+HPT 

Fig. 1 shows the microstructure images (cross-section and longitudinal section) for the 

sample processed by HE to a final diameter of 10 mm (ε » 3.2). The microstructure after HE 

is very complex when taking into account the grain size and GB characteristics. TEM studies 

from the cross-sectional plane complemented with selected area electron diffraction (SAED) 

showed that the microstructure after HE processing may be divided into two characteristic 

types: regions with large undeformed grains having micrometer diameters and increased 

densities of dislocations (Fig. 1a) and regions where there was clear evidence for grain 

refinement (Fig. 1b). The average grain size for this refined region was at the level of ~300 

nm. On the longitudinal section, the GB and dislocation structures were oriented in the 

direction of hydrostatic extrusion, thereby creating a characteristic fibrous morphology (Fig. 

1c) [27]. 

Due to the large microstructural inhomogeneity in the extruded sample, it was not possible 

to perform a quantitative analysis of the GB misorientation angles using the CBED technique. 

Nevertheless, TEM observations indicated that the sample had a high density of dislocation 

structures and dislocation boundaries which suggests that low-angle grain boundaries 

(LAGBs) probably dominate in this sample.  

Further HPT processing caused significant microstructural changes in the HE-processed 

samples. Fig. 2 shows representative TEM images supplemented with SAED patterns, 

recorded near the edges and centers of disks processed for (a,e) HE+HPT 1/2 turn, (b,f) 

HE+HPT 1 turn, (c,g) HE+HPT 5 turns and (d,h) HE+HPT 10 turns. The quantitative 

analyses of the grain sizes for all samples processed using the hybrid procedure are 

summarized in Table 1. For comparison purposes, Table 1 also includes data from earlier 

research for samples processed only by HPT [30]. The analysis shows that there is a very 

significant refinement of the microstructure when the HE is followed by additional processing 

by HPT. The grain size measurements showed that the average grain size at the edge was 

reduced to ~150 nm after only 1/4 turn and further straining led to additional grain refinement 

such that after 10 revolutions the grain size was measured as ~60 nm. It should be noted that 
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the average grain size for the samples processed only by HPT was on average ~10-20% larger 

than when processing using the hybrid technique [11,30].  

The use of hybrid processing has also a strong impact on the evolution of the 

microstructure in the central regions of the disks. A combination of HE and 1/2 turn of HPT 

gave significant microstructural refinement also in the central part of the disk (Fig. 2e) and the 

grains were reasonably equiaxed with an average grain size of the order of ~720 nm. This 

contrasted strongly with the results obtained for samples processed only by HPT [30] where 

there was no measurable grain refinement in the central region until reaching one HPT 

revolution. Moreover, further straining resulted in an homogenization of the microstructure in 

the central parts of the disks and additional grain refinement (Fig. 2h). The average grain size 

in the central part of the disk after HE+HPT through 10 turns was at the level of ~100 nm and 

this compares with ~200 nm for the sample processed only by HPT for 10 revolutions. It 

should be noted that the grain size in the central region is only slightly larger than in the outer 

parts of the disk (~60 nm) and this indicates a microstructure after 10 revolutions that is 

reasonably homogenized in terms of grain size. 

The present data are not sufficient to clearly determine the mechanism dominating the 

occurrence of additional grain refinement during hybrid processing. Accordingly, thin 

lamellae for TEM observations were cut by FIB from the sample processed at 1/4 HPT turn 

near the centre of the disk (approximately 0.2 mm from the centre) in the cross-sectional 

plane and representative images from this region are presented in Fig. 3. It is apparent from 

these images that the fibrous microstructure typical of HE is transformed during the HPT 

processing. Specifically, the microstructure evolves in accordance with the geometrical effect 

of strain so that it is possible to observe a number of dislocation bands oriented in the 

direction of the anvil rotation which intersects the dislocation structures formed during HE 

processing. Furthermore, the formation of new LAGBs and new grains (Fig. 3 b and c) can be 

observed in the structure. Therefore, it is concluded that additional grain refinement and an 

increased fraction of HAGBs may be attained by using hybrid SPD processing where this is 

achieved due to the initiation of new slip systems according to the change in the stress state 

and the much higher strain accumulated during HPT.   

The distributions of GB misorientations angles are shown in Fig. 4 for samples processed 

through HE and HPT for 1/2, 1, 5 and 10 turns with at least 150 boundaries examined in each 

sample. For comparison purposes, Table 2 was prepared to include other parameters such as 

the average GB misorientation angle and the fraction of HAGBs together with data from 

earlier work for the same alloy processed only by HPT [30]. It is readily apparent from Fig. 4 
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and Table 2 that there is a significant difference in the distributions of the misorientation 

angles between samples processed by the hybrid process and those processed only by HPT. 

Specifically, the fraction of HAGBs in each sample processed in the hybrid process is larger 

than in the corresponding samples after processing only by HPT and this fraction reaches a 

maximum of ~90% after HE+HPT for 10 turns. Moreover, the fraction of HAGB after 

processing by HE+HPT for 1 revolution reaches a similar level (~80%) as in the sample after 

10 HPT revolutions. Also, the average misorientation angle increases with the number of 

revolutions and these values are higher for samples processed using the hybrid SPD 

technique. The results therefore confirm that the use of hybrid techniques tend to promote the 

formation of HAGBs. A similar tendency for an evolution towards higher misorientations was 

observed earlier in an aluminium 7075 alloy processed by ECAP + HPT [18]. 

3.2.Microhardness after HE and HE+HPT 

Measurements of the Vickers microhardness, Hv, were carried out along the diameter of 

each HPT disk and the results are plotted in Fig. 5. All Hv measurements were taken on 

polished planes in the mid-sections of the disks to avoid any influence of a gradation of 

hardness through the thickness [9-11,30,36,37]. The plot also shows the microhardness 

distribution for samples in the as-received condition and after HE to a diameter of 10 mm. 

Inspection of Fig. 5 reveals that HE processing (ε » 3.2) leads to an increase in the 

microhardness from the level of ~90 Hv for the as-received condition to ~125 Hv. 

Nevertheless, the microhardness values are highly inhomogeneous and it is apparent that there 

are numerous drops in the microhardness values across the rod diameter. This behaviour is 

due to the high microstructural inhomogeneity in the sample as shown in Fig. 1.  

The use of hybrid processing leads to a further increase in the hardness values and the 

results follow the typical strengthening behaviour described elsewhere [38,39]. For low 

numbers of revolutions up to 1 turn, there are high microhardness values in the peripheral 

regions and a gradual decrease towards the centres of the disks. An increase in the numbers of 

revolutions leads to further strengthening and a general homogenization of hardness across 

the disk. In general, such strengthening behaviour is consistent with the results reported in 

earlier research for samples processed only by HPT [11,30,40] but nevertheless close 

inspection reveals some differences in the microhardness behaviour. For example, the areas of 

the central inhomogeneous regions in samples prepared by the hybrid process are smaller than 

in the samples processed only by HPT. Moreover, the minimum microhardness values in the 

samples processed with a small number of revolutions, as in HE+HPT 1/4, 1/2 and 1 

revolution with Hv = 130, 135 and 140, respectively, are higher than for the extruded state 
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where Hv » 125 while in the HPT samples the microhardness values oscillate near the initial 

condition up to one revolution.  

 In order to investigate the effect of the hybrid SPD processing on the evolution of 

microhardness in the Al-5483 alloy, the results were compared directly with data reported 

earlier only for HPT [30]. Fig. 6 shows the average microhardness for both processing 

conditions as a function of numbers of revolutions. It is apparent from this plot that the values 

of the microhardness for the HE+HPT samples are consistently higher by ~25 Hv than for the 

samples processed only by HPT. A similar behaviour was observed also in an aluminium 

7075 alloy where samples processed by ECAP + HPT also exhibited microhardness values 

that were higher than those obtained using only the HPT processing [18].  

In addition, after larger numbers of turns the central region also undergoes significant 

strengthening. In the samples processed using the  hybrid SPD technique a reasonable level of 

homogeneity was achieved throughout the disk processed through 7 revolutions whereas in 

processing only by HPT such behaviour was observed only after 10 revolutions. To study the 

saturation effect [8] in the samples processed by HE+HPT, the experimental microhardness 

points from Fig. 5 were plotted in Fig. 7a against the equivalent strain calculated using eqs 1 

and 2. Thus, the datum points in Fig. 7a are in reasonable agreement and fall around the solid 

line. In the early stages of HPT, the hardness values rise very rapidly with the accumulating 

strain but ultimately there is no significant further increase at equivalent strains above ∼50 

and thereafter the microhardness values become essentially saturated at Hv ≈ 255 at high 

strains. The same type of plot was constructed in Fig. 7b for samples processed only by HPT 

using data from the earlier investigation [30]. All points in Fig. 7b again scatter around a 

single line but the saturation condition in this case were obtained at a higher value of strain of 

~150 and the saturation hardness was Hv ≈ 235. It is apparent form Fig. 7 that the equivalent 

strain associated with Hv saturation was lower for HE+HPT than when processing only by 

HPT.   

4. Discussion 

4.1. The significance of hybrid processing on the evolution of microhardness and 

microstructures  

. In this work the HE processing of an aluminium 5483 alloy with a diameter reduction 

from 50 to 10 mm led to the formation of a bimodal structure as shown in Fig. 1 with highly 

elongated grains having high aspect ratios and an average grain size in the refined regions of 

~300 nm. Additional processing by HPT reduced the grain size to ~100 nm in the centre of 

the disk and ~60 nm near the edge after 10 revolutions, as shown in Fig. 2d,h. This result is 
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reasonable because the microstructure is not in the saturation condition after HE processing. 

Nevertheless, the grain sizes measured in the samples obtained in the hybrid process were 

smaller than those reported earlier when processing only by HPT and the microstructures 

were also more uniform along the sample diameter [11,30]. It is apparent from Table 2 that 

the aluminium 5483 alloy processed by a hybrid technique has a significantly larger fraction 

of HAGBs by comparison with the alloy processed only by HPT. Thus, the present results 

show that the imposition of additional pre-deformation by HE increases the fraction of 

HAGBs to ~93% whereas in the samples initially processed only by HPT the value was only 

~80% after 10 turns. Furthermore, the microstructure in the central regions evolved more 

quickly when HPT was preceded by HE.  

The significant grain refinement in the samples processed by HE+HPT is also reflected in 

the microhardness measurements. Furthermore, the present investigation reveals a clear 

difference between the saturation microhardness values achieved in the Al-5843 alloy after 

the two different SPD processing conditions of HE+HPT and HPT. For HE+HPT the 

microhardness saturates at ~255 Hv above equivalent strains of ~50 whereas when processing 

only by HPT the saturation occurs at a lower value of microhardness of ~235 Hv but at a 

higher equivalent strain of ~150 [30]. All of these results are consistent and they show that a 

combination of HE and HPT produces samples with smaller average grain sizes, higher 

fractions of HAGBs and higher hardness values at the saturation level compared with 

processing only by HE or HPT [27,30].  

4.2. The significance of GB characteristics on the Hall–Petch relationship in HE+HPT hybrid 

processing 

The hybrid SPD processing used in these experiments demonstrates the advent of 

significant grain refinement to ~60 nm in the aluminium 5483 alloy as shown in Fig. 2 and 

Table 1. The refined microstructure exhibits improved hardness and tends towards 

homogeneity above 7 turns with a measured hardness across the disk of Hv ≈ 255 Hv as 

shown in Fig. 5. Such a significant increase in hardness may be explained by Hall-Petch (H-P) 

strengthening [41,42] as given by the following relationship which is reformulated in terms of 

hardness to give 

H = H0 + kHd
−1/2

      (3) 

where H is the hardness and H0 and kH are material constants.  

To further check on the applicability of the H-P relationship for the aluminium 5483 alloy 

prepared using a hybrid process, the microhardness values obtained at the edges of the disks 
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were plotted in Fig. 8 as a function of d
-1/2

 where d is the grain size together with datum points 

obtained from the same alloy with larger coarser grain sizes [11,27,30]. In addition, the plot 

includes experimental datum points from an earlier report for an Al-5Mg alloy processed only 

by HPT [30].  

 By analysing these results, it is apparent that there is a clear difference in the distributions 

of the experimental points between the samples obtained in hybrid (HE + HPT) and HPT 

processing. Thus, the experimental points for samples processed by the hybrid procedure are 

mutually consistent for the entire range of revolutions and they fit into a linear H-P 

relationship. On the other hand, in the samples processed only by HPT there is a marked 

deviation in the H-P relationship for samples processed through a small number of revolutions 

as, for example, below 1 turn. Such differences in the locations of individual points for the 

HE+HPT and HE samples suggests that, besides the grain size, there are secondary factors 

which may also affect the mechanical properties after SPD processing. For example, it has 

been suggested that the character of the GB may play a crucial role in the tailoring of 

mechanical properties [43-45]. It is well established that slip transfer through LAGBs is much 

easier by comparison with HAGBs and therefore they represent weaker barriers for the 

movement of lattice dislocations. This approach may be expressed in a modified H-P 

relationship which takes into account the character of individual GB [44] 

 

, = ,- + [/013356789:(1 − ?) + A3?]BCD/$   (4) 

 

where f is the fraction of HAGBs, M is the Taylor factor, α, k and σ0 are material constants, G 

is the shear modulus, θLAGB is the average misorientation angle of the LAGBs and b is the 

Burgers vector. It was shown that the values calculated using this approach are in good 

agreement with experimental results [11,30,43,46-48]. Furthermore, the applicability of this 

model is also confirmed in the present work because the datum points corresponding to 

samples processed only by HPT with a small numbers of turns tend to lie below the trend line 

in Fig. 8 and these samples will have a higher fraction of LAGBs. On the other hand, the 

samples obtained in the hybrid processing exhibit an increased fraction of HAGBs as shown 

in Table 2 even when the processing is conducted through a small number of revolutions. This 

confirms that the observed differences in the positions of the experimental points are 

consistent with the modified H-P relationship and indicates that the character of the GBs 
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formed in the SPD processing may have a significant influence on the final mechanical 

properties of the material.  

5. Summary and conclusions 

1. A commercial aluminium 5483 (Al-5Mg) alloy was processed by HE and HPT for 

various amounts of torsional straining between 1/4 and 10 turns. TEM observations show a 

bimodal structure after HE processing with highly elongated structure in a longitudinal 

section and a significant grain size reduction after processing through a combination of 

HE+HPT. The microstructure evolves with torsional straining so that there is not only a 

continuous reduction in the average grain size but also an increase in the fraction of HAGBs.  

2. It is demonstrated that the initial pre-processing by HE gives a significant advantage in 

achieving grain size reduction when compared with processing only by HPT. The 

phenomenon of additional grain refinement in a hybrid process is explained as the effect of 

the change in the stress state which initiates dislocations slip in new slip systems.  

3. The microhardness values saturate at ~255 Hv for the hybrid HE+HPT process and this 

is significantly higher than in the samples processed only by HPT. In addition, the saturation 

condition is obtained at lower strains (~50) for the samples processed by HE+HPT by 

comparison with the samples processed only by HPT (~150). 

4. The results are summarised in the form of a Hall-Petch plot and they show a linear 

correlation between samples having high fractions of HAGBs. By contrast, a high scatter from 

the linear correlation is observed in samples where LAGBs are dominant in the 

microstructure.  
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Figure captions 

 

Fig. 1 Bright field TEM images and SAED patterns of aluminium 5483 alloy after HE 

processing showing microstructure diversification: (a) region with undeformed coarse grains, 

(b) region with intense grain refinement, (c) cross-sectional image showing fibrous 

morphology. 

Fig. 2 Representative bright field images in TEM with the corresponding SAED patterns 

showing the microstructure in the centre and edge of the samples processed by a combination 

of HE and HPT through (a,e) 1/2, (b,f) 1, (c,g) 5 and (d,h) 10 revolutions. 

Fig. 3 Bright field TEM images from the cross-sectional plane near the centre of the disk 

supplemented with SAED patterns taken from the sample processed by a combination of HE 

and 1/4 turn of HPT. 

Fig. 4 Distribution of the number fractions of the misorientation angles of the grain 

boundaries of disks processed by HE and by 1/2, 1, 5 and 10 turns of HPT. 

Fig. 5 Values of Vickers microhardness across diameters of the disks for HE and a 

combination of HE and various numbers of turns in HPT; the lower dashed line shows the as-

annealed condition. 

Fig. 6 The average Vickers microhardness values after processing only by HPT [30] and for a 

combination of HE and various numbers of turns in HPT 

Fig. 7 Variation of Vickers microhardness plotted against the equivalent strain after 

processing (a) by HE and a combination of HE and various numbers of turns in HPT, (b) by 

HPT based on data reported in an earlier investigation [30]. 

Fig. 8 The Hall-Petch relationship for samples processed by a combination of HE and various 

numbers of turns of HPT; data also includes experimental points for samples processed only 

by HPT [30] and experimental points for the alloy with larger coarse grain sizes [11,27,30] 
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Table captions 

Table 1 Microstructural parameters for the aluminium 5483 alloy after HPT [30] and 

HE+HPT processing depending on the number of turns. 

Table 2 HAGBs fraction and average GB misorientation angles in aluminium 5483 alloy after 

HPT [30] and HE + HPT depending on the number of turns.  

 

 

 

  



17 

 

 

 

 

Table 1 Microstructural parameters for the aluminium 5483 alloy after HPT [30] and 

HE+HPT processing depending on the number of turns. 

 

 

 

 

 

 

  

 Number of 

turns 
1/4  1/2 1 3 5 7 10 

H
E

+
H

P
T

 Average 

grain size 

[nm] 

150 164 132 120 111 80 61 

Standard 

deviation 
61 78 52 67 55 35 24 

H
P

T
 

Average 

grain size 

[nm] 

175 155 137 113 105 93 79 

Standard 

deviation 
122 96 81 89 64 46 30 
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Table 2 HAGBs fraction and average GB misorientation angle in aluminium 5483 alloy after 

HPT [30] and HE + HPT depending on the number of turns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number of turns 

HE+HPT HPT [30] 

E(θ) 
Fraction of 

HAGB [%] 
E(θ) 

Fraction of 

HAGB [%] 

N = 1/2 28.7° 71.1 22.3° 54.4 

N = 1 32.8° 81.9 34.7° 69.5 

N = 5 34.1° 84.4 31.6° 75.7 

N = 10 38.2° 93.6 35.9° 80.6 
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